, and, at the same time, in promoting neuronal survival after HSV-1 infection by reducing apoptosis (6). In vitro, the antiapoptotic effects of LAT are mediated by the inhibition of caspase-3, -8,-and -9-induced apoptosis (7, 8) . In humans and animal models, CD8
H
erpes simplex virus 1 (HSV-1) can establish lifelong latency in sensory neurons of the trigeminal ganglia (TG). HSV-1 latency is characterized by expression of one viral RNA (the latencyassociated transcript [LAT] ) in the absence of viral protein. LAT is believed to play a role in establishing latency (1, 2) , in facilitating the process of reactivation (3) (4) (5) , and, at the same time, in promoting neuronal survival after HSV-1 infection by reducing apoptosis (6) . In vitro, the antiapoptotic effects of LAT are mediated by the inhibition of caspase-3, -8,-and -9-induced apoptosis (7, 8) . In humans and animal models, CD8
ϩ T cells are found in latently infected ganglia (9, 10) . These CD8 ϩ T cells have been shown to release lytic granules containing granzyme B (GrB) in humans (9, 11) and mice (12, 13) . In the setting of HSV-1 latency, rather than inducing apoptosis, GrB cleaves infected-cell polypeptide 4 (ICP4) (13) , an essential viral protein needed for viral gene expression, thereby preventing viral reactivation (14) . It is a wellknown clinical phenomenon that even after multiple reactivations of HSV-1 in the TG, no sensory deficits occur. Here we investigate if this observation is mirrored by the patho-anatomical findings in human TG latently infected with HSV-1.
Human TG were obtained at autopsy at Ludwig Maximilians University (Munich, Germany) with the approval of the Ethics Committee of the Medical Faculty of the University (see Table S1 in the supplemental material). Whole ganglia, including neurons projecting to all three branches, were embedded directly after removal in Jung tissue freezing medium (Leica Microsystems, Nussloch, Germany). Frozen sections of 10 m were cut for immunohistochemistry and in situ hybridization (ISH), while RNA and DNA were isolated from 10 pooled 30-m sections. Immunohistochemistry was performed with antibodies against active caspase-3 (R&D Systems, Wiesbaden, Germany) and GrB (AbD Serotec, Puchheim, Germany), as described previously (15, 16) . Staining was visualized using biotin-conjugated secondary antibody (Dako, Hamburg, Germany), horseradish peroxidase (HRP)-conjugated streptavidin (BioLegend, Fell, Germany), and 3-3=-diaminobenzidine (DAB; Dako) under an all-in-one fluorescence microscope (BZ-8100E; Keyence, Neu-Isenburg, Germany). Apoptosis was detected using a commercially available assay based on detection of terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL), according to the manufacturer=s instructions (Promega, Madison, WI). In situ hybridization for HSV-1 LAT (16, 17) was performed in combination with immunofluorescence against GrB or CD8 in subsequent staining steps. Appropriate fluorophore-conjugated probe or antibody was used for LAT and GrB or CD8, respectively (Dianova, Hamburg, Germany). Laser capture microdissection was done as described previously (17) . Thirty LAT ϩ or LAT Ϫ neurons were marked electronically and microdissected. Single-cell reverse transcription-quantitative PCR (RT-qPCR) was performed using an Ambion kit (Life Technologies, Darmstadt, Germany) according to the manufacturer=s instructions. Commercially and custom-made TaqMan gene expression assays were used (Life Technologies, Darmstadt, Germany). Statistical analyses were performed in Microsoft Excel and SPSS: P Ͻ 0.05 was regarded as significant.
Human TG sections from LAT ϩ and LAT Ϫ ganglia were investigated for signs of neuronal apoptosis: no TUNEL-positive neurons were found (Fig. 1A to C) . Immunohistochemistry for the expression of active caspase-3 revealed neuronal staining in a limited number of cases (Table 1 and Fig. 1D to F) . A higher number of LAT Ϫ ganglia showed staining for active caspase-3 compared to LAT ϩ ganglia (chi-square test, P ϭ 0.043). Neurons positive for active caspase-3 did not, however, appear morphologically apoptotic. Caspase-3 expression was investigated using TaqMan RTqPCR from the RNA of the cross-sectional area of the whole TG. (Fig. 2) . No correlation between caspase-3 expression in whole TG and age or postmortem delay was seen: by Spearman correlation, r ϭ 0.89 and P ϭ 0.72 for age and r ϭ Ϫ0.041 and P ϭ 0.87 for postmortem delay. When caspase-3 expression was assessed at the single-neuron level, it was found to be higher in LAT Ϫ neurons than in LAT ϩ neurons: mean relative transcript number for LAT Ϫ neurons, 472.79 (CI, 12.77 to 932.81); mean relative transcript number for LAT ϩ neurons, 20.24 (CI, 5.55 to 34.93), (Mann-Whitney U test, P ϭ 0.005) (Fig.  2 ). There was a negative correlation between the expression of LAT and caspase-3 on the single-cell level (Spearman correlation, r ϭ Ϫ0.552, P ϭ 0.009). Higher numbers of GrB ϩ cells were found in HSV-1 latently infected ganglia than in noninfected ganglia (Mann-Whitney U test, P ϭ 0.05) ( Table 1) . No indications that 
GrB
ϩ cells surround more LAT ϩ or LAT Ϫ neurons were found (Fig. 3) .
In the present study, we provide experimental evidence for the absence of apoptosis in sensory neurons latently infected with HSV-1. This finding could help to explain the clinical observation that sensory deficits do not occur even after recurrent HSV-1 reactivation. Elevated numbers of GrB-secreting T cells have been detected in HSV-1 latently infected ganglia. In most settings, GrB ϩ and LAT Ϫ whole ganglia. Boxes denote interquartile ranges, lines denote medians, and whiskers denote the 5th and 95th percentiles. Each measurement was done in duplicate. The results were normalized to the housekeeping gene coding for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For the commercially available TaqMan gene expression assays, the caspase-3 assay identification (ID) number is Hs00234387_m1 and the GAPDH assay ID number is Hs02758991_g1. For the custom-made TaqMan gene expression assay, the sequences of the LAT primers were CCCACGTACTCCAAGAAGGC (forward) and AGACCCAAGCATAGAGAGCCAG (reverse), and the probe sequence was CCCACCCCGCCTGTGTTTTTGTGT (Life Technologies, Darmstadt, Germany).
FIG 3 Fluorescence labeling of human TG stained for CD8
ϩ T cells (red) and GrB (green) and with nucleus stained with DAPI (4=,6-diamidino-2-phenylindole) (blue). Stained sections were analyzed by confocal imaging. The micrograph on the left was taken at a ϫ100 magnification for an overview, and the one on the right is shown at 400ϫ for a more detailed view. Dashed circles indicate neurons with lipofuscin in red, and arrows indicate GrB-positive CD8 ϩ T cells. Scale bars represent 50 m.
is known to cleave and activate caspase-3, which in turn triggers the caspase cascade, leading to degradation of DNA and apoptosis (18, 19) . The presence of CD8 ϩ T cells expressing GrB in infected TG tissue suggests that these T cells are active and could induce apoptosis in infected neurons. However, the exact opposite seems to be the case. The TUNEL assays for apoptosis showed no positive neurons, and the detection of caspase-3 by immunohistochemistry was more frequent in individuals not infected with HSV-1. Active caspase-3 was found in some neurons; none of these neurons showed typical features of apoptosis in their cellular structure. This suggests that caspase-3 may play a role separate from that in the apoptotic caspase cascade. Functional studies have increasingly recognized that caspases have nonapoptotic functions in multiple cellular processes, such as inflammation, cell differentiation, and proliferation (20, 21) . In an animal model, active caspase-3 was also found in the nuclei of dorsal root ganglion neurons, but these were not TUNEL positive or morphologically apoptotic (22) . From the present experiments, we can only speculate about the mechanisms behind the inhibition of apoptosis in ganglia latently infected with HSV-1. As destruction of neurons is seen very rarely in mice (23, 24) and never in humans (11), infiltrating CD8
ϩ T cells apparently do not release their full cytotoxic capacity. Knickelbein et al. (12) describe a nonlethal mechanism of viral inactivation in which the lytic granule component, GrB, degrades the HSV-1 immediate early protein, ICP4, which is essential for efficient viral transcription. Without inhibition of apoptosis, latently infected neurons could die in response to viral infection, thereby reducing the number of latent HSV-1 genomes through destruction of their host.
